Objectives: Brown adipose tissue (BAT) controls triglyceride-rich lipoprotein (TRL) catabolism. This process is mediated by the lipoprotein lipase (LPL), an enzyme that catalyzed the hydrolysis of triglyceride (TAG) in glycerol and fatty acids (FA), which are burned to generate heat. LPL activity is regulated by angiopoietin-like 4 (ANGPTL4), a secretory protein produced in adipose tissues (AT), liver, kidney, and muscle. While the role of ANGPTL4 in regulating lipoprotein metabolism is well established, the specific contribution of BAT derived ANGPTL4 in controlling lipid and glucose homeostasis is not well understood.
INTRODUCTION
Adipose tissue (AT) plays a central role in metabolic homeostasis, obesity, and insulin resistance. The major function of white adipose tissue (WAT) is to regulate lipid storage and mobilization and glucose homeostasis; many functions of WAT in metabolism are exerted by adipose-derived adipokines [1e3] . Dysfunction of adipose tissue is the major contributor to the development of obesity and obesity-associated diabetes [4e6] . In contrast to WAT, brown adipose tissue (BAT) plays an important role in energy metabolism via generating heat by an adaptive process called non-shivering thermogenesis, which requires fuel (fatty acid and glucose) and uncoupling protein 1 (UCP1) [7e9] . Production of heat in BAT is mediated by beta-adrenergic signaling and subsequent uncoupling of ATP production from mitochondrial respiration. BAT allows rodents to maintain body temperature below their thermoneutral zone by dissipating energy as heat [7, 10, 11] . Under the cold condition, BAT can effectively extract free fatty acids (FFA) derived from circulating triglyceride-rich particles (TRLs) which are its major fuel source [7, 12, 13] . Therefore, increased BAT activity as a result of cold exposure corrects hyperlipidemia and improves deleterious effects of insulin resistance [12] . However, the mechanisms governing the shuttling of FFAs to BAT is not completely clear. The enzyme lipoprotein lipase (LPL), which is highly expressed in BAT, catalyzes the liberation of fatty acids for fuel in BAT from TRLs [12, 14, 15] . LPL activity is governed via numerous mechanisms that act primarily at the posttranscriptional and posttranslational level [16, 17] . One of the important modulators of LPL activity is angiopoietin-like 4 (ANGPTL4) protein [18e21] . ANGPTL4 is a multifunctional, secreted protein that is highly expressed in WAT, BAT, and macrophages and regulates numerous metabolic processes such as lipid metabolism, glucose homeostasis, and atherosclerosis progression [18,22e24] . Moreover, it has been reported that the expression of ANGPTL4 in mice is regulated by changes in nutritional state in a tissue-specific manner [25] . For example, fasting induces the expression of ANGPTL4 in adipose tissues and liver likely through distinct nuclear receptors PPAR -g in adipose tissue and glucocorticoid receptor (which is independent of PPAR-a) in liver, whereas feeding exhibits opposite effect [18] . ANGPTL4 protein regulates LPL activity at the posttranscriptional level by interacting directly with LPL and preventing its dimerization and function [20, 21] . As a result of its inhibitory action on LPL activity, ANGPTL4 overexpression in mice leads to hypertriglyceridemia, whereas global deficiency leads to increased TAG clearance lowering 1 circulating TAG [26, 27] . These observations suggest that BAT specific ANGPTL4 modulation might play an important role in TRL catabolism and BAT activity during cold exposure and development of obesity and insulin resistance (IR). However, the role of ANGPTL4 in obesity and metabolic outcomes is inconclusive as 1) mice and monkeys deficient in ANGPTL4 exhibit severe metabolic and systemic abnormalities and die prematurely upon high fat diet (HFD) feeding, and 2) tissue specific targeted modulation of ANGPTL4, which could avoid the complications of global depletion of ANGPTL4 have never been explored due to lack of appropriate animal models. To investigate the metabolic effect of ANGPTL4 expression in BAT, we generated a novel mouse model lacking ANGPTL4 specifically in BAT (BAT-KO). Our results demonstrate that BAT derived ANGPTL4 is an important regulator of lipoprotein metabolism, glucose homeostasis, and insulin sensitivity. Absence of ANGPTL4 in BAT increases TRL catabolism and promotes FA uptake in BAT and cold tolerance upon acute cold exposure. Interestingly, we found that ANGPTL4 deficiency in BAT improves oxidative metabolism, the thermogenic function of brown adipocytes as well as adrenergic independent activation of the peroxisome proliferator-activated receptor g coactivator 1a (PGC-1a)-uncoupling protein 1 (UCP1) pathway. This noradrenergic activation of PGC-1a and UCP1 pathway may have great significance in anti-obesity and diabetes therapeutics.
MATERIALS AND METHODS

Animals
Male C57BL/6 (WT) mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and kept under constant temperature and humidity in a 12 h controlled dark/light cycle. Angptl4 loxP/loxP mutant mice containing construct with Angptl4 exons 4, 5, and 6 flanked by loxP sites and lacZ reporter gene and neomycin resistance gene flanked by FRT sites were generated using knock-out first strategy and were purchased from EUCOMM/KOMP repository ( Figure 1 ). ANGPTL4 mutant mice were mated with mice expressing FLP recombinase (JAX stock 009086) to excise the neomycin resistance gene to generate mice with Angptl4 conditional alleles (Angptl4 loxP/loxP ). Homozygous Angptl4 loxP/loxP mice were crossed with the transgenic mice containing UCP1-ERCre allele obtained from the lab of Dr. Xiaoyong Yang (Yale University) who obtained the original mice from Dr. Christian Wolfrum ) mice (n ¼ 3). Angptl4 expression in all tissues is normalized to its expression in BAT from WT mice. (C and D) qRT-PCR analysis of Angptl3 (C) and Angptl8 (D) mRNA expression in eWAT, BAT and liver isolated from wild-type (WT; n ¼ 3) and BAT-KO (n ¼ 3) mice. Angptl8 expression in all tissues is normalized to its expression in BAT from WT mice. Data represent the mean AE S.E.M. and * indicates P < 0.05 comparing BAT-KO with WT mice using unpaired t-test.
(ETH Zurich) to yield offspring inheriting both the targeted allele and the UCP1-ER-Cre transgene (Angptl4
) generation of UCP1-ERCre mice is described in previous publication [28] . Mice were injected intraperitoneally with tamoxifen (1 mg/mouse/day) at six weeks of age for 5 consecutive days to induce Cre mediated excision of ANGPTL4, specifically in the BAT. Tamoxifen (SigmaeAldrich) was prepared by solubilizing 20 mg in 1 ml peanut oil (Sigma). Both Angptl4 lox/lox UCP1 CRE/ERT2 (BAT-KO) and Angptl4 lox/lox littermates obtained equal dose of tamoxifen treatment. Studies were performed 2 weeks after tamoxifen administration. BAT-KO mice were verified by PCR with Cre primer sequences and primers flanking 5 0 homology arm of Angptl4 gene and LoxP sites using DNA extracted from their tails ( Table 1 ). All experimental mice were housed in a barrier animal facility with constant temperature and humidity in a 12 h darkelight cycle with free access to water and food. All mice were fed a standard chow diet for 8e10 weeks after which were either switched to a high fat diet (60% calories from fat; Research Diets D12492) for 1e20 weeks or maintained on chow diet. All of the experiments were approved by the Institutional Animal Care Use Committee of Yale University School of Medicine.
Glucose and insulin tolerance test
Glucose and insulin tolerance tests were performed on BAT-KO and WT mice that were fasted for 16 h. Glucose concentrations were determined with a Contour Ultra blood glucometer in blood collected from the tail vein at indicated time points. Insulin (0.75 U/kg) for HFD group mice and glucose (1 g/kg) was injected intraperitoneally into mice.
Fat tolerance test
Fat tolerance test was performed as according to previously described protocol, unless otherwise mentioned [28] . Briefly, mice were fasted for 4 h at room temperature (RT) or at 4 C were administrated with 10 ml/g body weight of olive oil by oral gavage. TAGs were measured in plasma at the indicated time points.
Tissue lipid uptake
Measurement of lipid uptake in tissues was performed as previously described [29] . Briefly, mice were fasted for 6 h, at RT or 4 C and subjected to oral gavage (100 ml) administrated with 100 ml emulsion containing 2 mCi [ 2.7. LPL activity assay Post-heparin plasma (PHP) and tissue LPL activity was determined as described previously [28] . In brief, mice were fasted overnight followed by retro-orbital injection of 10 units of heparin/kg body weight. Plasma was separated from blood 5 min after the injection. For measuring total lipase activity, PHP was incubated with 10% Intralipid/[ 3 H]-TAG emulsion as substrate. 1 mM sodium chloride was used in the assay to determine the contribution of hepatic lipase and was subtracted from the total lipase activity to estimate activity of LPL. Heparin-releasable LPL activity in skeletal muscle, heart, and white and brown adipose tissue was measured following the method previously described Haugen et al. Briefly, freshly isolated tissues were weighed and homogenized in ice cold buffer containing PBS with 2 mg/ml of fatty acid free BSA, 5 U/ml heparin, 5 mM EDTA, 1% Triton, 0.1% SDS. Homogenates were centrifuged at 3000 rpm for 15 min at 4 C and supernatant was used for LPL assay. 100 ml aliquots of the supernatant was used for the lipase activity assay with 100 ml of 10% Intralipid/[
3 H]-triolein emulsion for 1 h at 25 C.The activities were normalized for starting tissue weights.
FA oxidation
Ex vivo FA oxidation in BAT was performed as described previously [32] . Briefly, BAT was isolated from anaesthetized WT and BAT-KO mice and homogenized in 5 volumes of chilled STE buffer (pH 7.4, 0.25M sucrose, 10 mM Tris-HCl and 1 mM EDTA). Homogenate was immediately centrifuged, and the pellet was re-suspended followed with incubation with reaction mixture containing medium consist of 0.5 mmol/L palmitate (conjugated to 7% BSA/[ 14 C]-palmitate at 0.4 mCi/ml) for 30 min. Following the incubation, re-suspended pellet containing reaction mixture was transferred to an Eppendrof tube, the cap of which housed a Whatman filter paper disc that had been presoaked with 1 mol/L sodium hydroxide.
14 CO 2 trapped in the reaction mixture media was then released by acidification of medium using 1 mol/L perchloric acid and gently agitating the tubes at 37 C for 1 h. Radioactivity that is being adsorbed onto the filter disc was then quantified by liquid scintillation counting in a beta counter.
2.9. Fatty acid synthase (FASN) activity assay FASN activity was determined as described previously with slight modifications [33] , unless otherwise mentioned. Briefly, BAT from Deparaffinized and hydrated BAT sections (5 mm) of WT and BAT-KO mice were stained with hematoxylin-eosin (H-E).
Lipoprotein profile and lipid measurements
For determining the lipoprotein profile and lipid level, mice were fasted for 12e16 h overnight before collecting blood by tail bleeding, followed by separation of plasma by centrifugation. Plasma was precipitated using HDL-Cholesterol E precipitating reagent (Wako, Japan), and the supernatant was collected as HDL-C fraction. Levels of total cholesterol and TAGs were measured in plasma based on enzymatic reactions following manufacturers' instructions (Wako Pure Chemicals Tokyo, Japan). To determine the lipid distribution in plasma lipoprotein fractions, fast performance liquid chromatography was performed using 
Cold tolerance test
For acute cold tolerance test, mice were kept under cold condition with temperature fixed at 4 C, without food. Rectal temperature was measured using BAT-12 microprobe thermometer (Physitemp) at indicated time points.
Statistical analysis
Statistical analysis was performed using GraphPad Prism Software Version 7 (GraphPad, San Diego, CA). Data are expressed as mean AE SEM. Statistical differences were measured using an unpaired two-sided Student's t-test, or one-way ANOVA with Bonferroni correction for multiple comparisons. The number of animals used in each study is listed in the figure legends. No inclusion or exclusion criteria were used and studies were not blinded to investigators or formally randomized. A value of p 0.05 was considered statistically significant.
RESULTS
3.1. Generation of brown adipose tissue-specific ANGPTL4 knockout mice To define the specific contribution of ANGPTL4 in BAT, we generated a mouse model with inducible brown adipocyte-specific deletion of
) indicated as BAT-KO ( Figure 1A ). Treatment of mice with tamoxifen (TMX) induced effective deletion of Angptl4 in BAT depot of mice carrying Ucp1 CRE/ERT2 (Angptl4 loxP/lox-P Ucp1 CRE/ERT2 ) but not in TMX-treated mice lacking Ucp1 CRE/ERT2 allele. As a consequence of the deletion, BAT-KO mice had w70% reduction of Angptl4 mRNA levels in BAT ( Figure 1B) . We also analyzed the expression of Angptl4 in other tissues such as eWAT, liver, muscle, and heart; however, its expression was found to be unaltered in these tissues of BAT-KO mice as compared to those of WT mice ( Figure 1B) . Apart from ANGPTL4, other members of angiopoietin like protein (Angptl) family including ANGPTL3 and ANGPTL8 also inhibit LPL activity [34] . To determine whether the loss of ANGPTL4 in the BAT is compensated by other Angptls, we compared the expression of Angptl3 and Angptl8 in liver and adipose tissue (WAT and BAT) of WT and BAT-KO mice. The expression of Angptl3 was undetectable in the adipose tissues while its expression in liver was not different between two groups of mice ( Figure 1C) . Similarly, expression of Angptl8 was unaltered in liver, BAT, and WAT of BAT-KO mice as compared to its counterpart ( Figure 1D ).
Genetic loss of ANGPTL4 in brown adipocytes exhibited improved plasma TAG tolerance and tissue lipid uptake
To determine the impact of ANGPTL4 depletion in brown adipocytes, we assessed plasma TAGs in 2-month-old BAT-KO CD-fed mice. A marked decrease in circulating TAG was observed in the BAT-KO mice under fed as well as fasted conditions (Figure 2A) . Here, we speculated that decreased plasma TAGs could be caused either by decreased entry of TAGs into plasma as hepatic VLDL production or chylomicron (intestinal absorption) or increased TRL catabolism. Available evidence suggests that the absence of ANGPTL4 activates LPL, leading to increased plasma TAG-hydrolysis and concomitant TAG clearance from circulation. Therefore, to assess how depletion of ANGPTL4 in BAT influences TAG clearance, we performed fat tolerance test. Expectedly, accelerated plasma TAG clearance was observed in BAT-KO mice but not in WT mice after olive oil gavage ( Figure 2B ). To further explore whether ANGPTL4 could enhance TAG hydrolysis and FA uptake in BAT, we performed lipid uptake experiment with intralipid mixed with [ 3 H]-triolein. Lowering of plasma TAGs level after 2 h oral gavage was associated with a greater uptake of [ 3 H]-triolein in the BAT but not in other organs such as liver, muscle, and WAT ( Figure 2C ). These observations indicate a possible involvement of FA transporters as well as LPL in the selective enhancement of lipid uptake in BAT. We analyzed the expression of Cd36 (FA transporter) and Lpl in BAT of both groups of mice. Noticeably, we found an increased expression of Cd36 in the BAT of BAT-KO mice as compared to WT ( Figure 2D ). However, the mRNA levels of Lpl in the BAT were unaltered ( Figure 2D ). Next, we checked the changes in LPL activity across different tissues as a result of ANGPTL4 deletion in BAT. We found a marked increase in LPL activity in BAT and post-heparin plasma (PHP) in BAT-KO mice as compared to its counterpart ( Figure 2E ). Moreover, it is known that the level of circulating TAG is dependent on relative rate of VLDL and chylomicron production and LPL-mediated TRL catabolism [14, 35] . Thus, to examine whether the expression of ANGPTL4 in BAT influences circulating TAG by altering hepatic VLDL production, we evaluated rates of liver VLDL-TAG production in BAT-KO mice. No significant difference was observed in the rate of hepatic VLDL production in WT and BAT-KO mice ( Figure 2F) . Similarly, intestinal lipid absorption was comparable in WT and BAT-KO (Figure 2G) , suggesting that the reduced circulating level of TAG in BAT-KO mice is likely mediated by enhanced TRL catabolism in BAT. Together, these results indicate that BAT-derived ANGPTL4 controls lipoprotein metabolism, circulating TAG clearance, and FA uptake in BAT. 3.3. Absence of ANGPTL4 in BAT promotes uptake of TRL derived FA by BAT upon acute cold exposure and enhances cold stimulated thermogenesis WAT tissue is a specialized lipid storage organ for excess calories, whereas BAT contains large amounts of mitochondria to dissipate chemical energy [36] . Upon cold-stimulation, BAT increases its energy demand and burns lipid to produce heat using UCP1 [12, 37, 38] . However, the specific role of ANGPTL4 expression in BAT in regulating TRL-derived FA uptake in BAT for energy utilization is still elusive. Thus, we next explored the impact of cold exposure on ANGPTL4 expression in BAT. As expected, acute cold exposure led to a marked reduction in Angptl4 mRNA ( Figure 3A) . Based on the significant decrease in Angptl4 mRNA levels in BAT upon acute cold exposure, we hypothesized that ANGPTL4 might play a role in the catabolism of circulating TAGs in BAT during cold challenge. Indeed, we observed that while the level of circulating TAG was raised with a peak at 2 h and a subsequent decline in WT mice, plasma TAG levels remained persistently low during the postprandial phase in BAT-KO mice subjected to cold exposure ( Figure 3B ). In agreement with these findings, we observed an increased FA delivery to BAT in BAT-KO mice compared to WT mice ( Figure 3C ). Consistent with these changes in lipid metabolism, BAT-KO mice maintained their body temperature better during an acute cold stress ( Figure 3D ). Together, these results suggest that BAT derived ANGPTL4 may play an important role in regulating FA uptake in BAT and thermogenesis upon acute cold exposure.
3.4. Deletion of ANGPTL4 in BAT enhances TAG clearance without altering body weight in mice fed a chow diet Since we found increased lipid uptake in BAT-KO mice, we assumed that it might affect the overall body weight of mice. Thus, we monitored body weight of these mice kept on chow diet (CD) for up to 7 months. We did not find any significant difference in the body weight of BAT-KO and WT mice ( Figure 4A) . As expected by the inhibitory effect of ANGPTL4 on LPL activity, plasma TAGs were markedly reduced in mice lacking ANGPTL4 in BAT ( Figure 4B ). Circulating levels of TC and HDL-C were comparable in both BAT-KO and WT mice (Figure 4CeD) . Moreover, FPLC analysis revealed that decreased plasma TAG in BAT-KO mice was attributable to VLDL fraction ( Figure 4E ), whereas cholesterol distribution was similar between the groups ( Figure 4F ).
3.5. Genetic deletion of ANGPTL4 in BAT dose not influence body weight but improves TAG clearance in mice fed a HFD While thermogenic activation in BAT leads to beneficial effects on systemic lipid metabolism, these effects are blurred during obesity as a result of metabolic dysfunction of BAT [39] . To understand how BAT derived ANGPTL4 partake in the metabolic response to HFD-induced obesity, we fed WT and BAT-KO mice a HFD for 20 weeks to induced obesity and measured metabolic parameters. Interestingly, we did not observe any difference in body weight and fat mass, although circulating TAG was significantly reduced in BAT-KO as compared to WT mice ( Figure 5A,B) . Plasma TC and HDL-C concentrations were similar in both groups of mice ( Figure 5C,D) . Profiling of lipoprotein 2 (31e33), 3 (34e36), 4 (37e39), 5 (40e42), 6 (43e45), 7 (46e48), 8 (49e51), 9 (52e54), 10 (55e57), 11 (58e60), and 12 (61e63) . All data represent the mean AE S.E.M. and * indicates P < 0.05 comparing BAT-KO with WT mice using unpaired t-test.
analysis revealed similar distribution of cholesterol amount across different lipoproteins while there was a significant decrease in TAG content in VLDL fraction in mice lacking the expression of ANGPTL4 in BAT ( Figure 5E,F) . Immunoblotting analysis of ApoB48 and ApoB100 protein content in plasma samples isolated from overnight fasted WT and BAT-KO mice exhibited a marked decrease in circulating ApoB lipoproteins ( Figure 5G ). Additionally, we did not observe any change in the level of ApoA1 protein in HDL fractions in these plasma samples of these mice (Figure 5G ), suggesting that absence of ANGPTL4 in BAT accelerates VLDL catabolism and/or clearance but not HDL metabolism.
3.6. Depletion of ANGPTL4 in BAT improves glucose tolerance and insulin sensitivity in short-time HFD fed BAT-KO mice BAT activation leads to lowered plasma lipid and glucose levels and therefore improves glucose homeostasis in mice [40] . To assess whether the decreased circulating lipids and increased influx of FA in the BAT of BAT-KO mice alter glucose metabolism, we performed glucose (GTT) and insulin tolerance tests (ITT) on mice fed a CD. The results showed that absence of ANGPTL4 in BAT does not influence glucose homeostasis (Figure 6A,B) . Additionally, it has also been reported that BAT activation normalizes glucose tolerance in HFDinduced obese mice [12] . Therefore, we performed GTT and ITT in mice fed with HFD. Interestingly, we found a markedly improved glucose tolerance in mice fed a HFD for four weeks, suggesting that absence ANGPTL4 in BAT protects against diet-induced glucose intolerance and ameliorates hyperlipidemia (Figure 6C,D) . Although lipid-induced insulin resistance usually develops in mice within 4 weeks of HFD feeding, obesity-induced insulin resistance develops after 16 weeks of HFD. Therefore, we next examined whether BAT-KO mice have ameliorated insulin resistance in prolonged administration of HFD (20 weeks) by performing GTT and ITT. We noticed improved glucose clearance during ITT; however, no change was observed in GTT ( Figure 6E,F) . Together, these observations suggest that the beneficial effects of ANGPTL4 deficiency in BAT in short-term HFD fed mice are attenuated in mice fed a HFD over a long period of time. (A and B) , or a HFD for 4 weeks (n ¼ 5) (C and D) , or a HFD for 20 weeks (n ¼ 5) (E and F). Inset represents the area under the curve (AUC). All data represent the mean AE S.E.M and * indicates P < 0.05 comparing BAT-KO mice with WT mice using unpaired t-test.
3.7. Deletion of ANGPTL4 in BAT leads to increased FA oxidation coupled with reduced de novo lipogenesis In spite of an increased influx of FA into BAT, there was no difference in the fat mass composition and the size of brown adipocytes of BAT-KO mice as compared to WT mice ( Figure 7A ). Hence, we speculated that this might occur owing to either accelerated energy utilization through FA oxidation or decreased de novo lipogenesis (DNL) or a combination of both processes. Interestingly, we observed increased ex-vivo FA oxidation in BAT isolated from BAT-KO mice as compared to BAT obtained from WT mice ( Figure 7B ). Mechanistically, we found that absence of ANGPTL4 in BAT enhanced the expression of thermogenic proteins such as PGC-1a and UCP1 which are responsible for FA oxidation in BAT ( Figure 7C ). Conversely, DNL was attenuated in BAT-KO mice as compared to WT mice ( Figure 7D ). In agreement with this observation, Fasn mRNA levels were significantly reduced in BAT-KO mice as compared to WT mice ( Figure 7E ). These results suggest that absence of ANGLTL4 in BAT influences fat mass by regulating TRL clearance, FA oxidation and DNL.
DISCUSSION
BAT can considerably escalate metabolic rate and dissipate large amounts of lipids in a rather short time once stimulated [12, 41] . Despite being recently recognized as an important player in regulating lipoprotein metabolism, the mechanism by which BAT catabolizes and enhances the clearance of TRL has not been fully elucidated. In this study, we demonstrated that FA uptake in brown adipocytes is regulated by ANGPTL4 under physiological conditions and during cold-induced thermogenesis. Importantly, absence of ANGPTL4 in brown adipocytes resulted in accelerated TRL catabolism and reduced circulating TAG. Multiple studies have conclusively shown that ANGPTL4 inhibits LPL activity and regulates TAG catabolism [18e20, 26, 27] . Consistent with these data, we also observed increased plasma TAG clearance in BAT-KO mice challenged with oral lipid. This observation was associated with increased BAT lipid uptake and LPL activity, confirming that BAT specific ANGPTL4 modulates plasma TAG levels. BAT-KO mice maintained better body temperatures upon cold exposure, indicating that Inhibition of ANGPTL4 in BAT reprogrammed BAT to increase FA uptake from blood for combustion, and eventually stimulated thermogenesis. Recently, it has been reported that ANGPTL4 transgenic mice are cold sensitive and show decreased FA uptake in BAT under cold condition; in contrast, no such change was observed in whole-body knockout mice [42] . It is quite likely that other tissues might also be involved in FA uptake under cold environment in global knockout mice owing to increased LPL activity. Nonetheless, we provided direct evidence that BAT derived ANGPTL4 is indispensable for TRL derived FA uptake in BAT both under cold as well as RT conditions. Despite an increased uptake of FA by BAT in BAT-KO mice, their fat mass and brown adipocyte size were not increased compared to WT mice. Interestingly, mice lacking the expression of ANGPTL4 in BAT express higher levels of PGC-1a and UCP1 and exhibit higher thermogenic activity owing to the increased FA oxidation. These observations suggest that in the absence of ANGPTL4 in brown adipocytes, TRL catabolism is accelerated and eventually leads to increased uptake of FA in BAT which is simultaneously oxidized to produce energy in form of heat. It is well known that FA acids directly activate UCP1 [43] . Alternatively, the decreased endogenous lipid synthesis (based on FASN activity) in BAT-KO brown adipocytes may be an adaptive mechanism to match a greater rate of lipid utilization from circulating triglycerides. Thus, concomitant increase in lipid utilization for oxidation and decrease de novo lipogenesis (DNL) may explain the BAT phenotype in the BAT-KO mice. Though glucose and FA are the source of energy for BAT thermogenesis under fasting conditions, FA released from hydrolysis of TAGs appear to be the predominant energy substrate. Previous studies have demonstrated that stimulation of BAT increases glucose uptake in obese, diabetic and lean mice [44] . It has also been reported that in the absence of UCP1, rodents have diabetic phenotype [45] . Consistent with these reports we also found that ANGPTL4 deficiency in BAT improved glucose and insulin tolerance by altering BAT activity (based on increased UCP1 expression). To the best of our knowledge, this is the first study showing that ANGPTL4 derived from BAT regulates glucose homeostasis. The outcomes of previous studies on the effects of ANGPTL4 on glucose metabolism are contradictory. While adenovirus mediated overexpression of ANGPTL4 reduced plasma glucose level and improved glucose tolerance in one study, transgenic overexpression of ANGPTL4 in another study resulted in peripheral insulin resistance which impaired glucose homeostasis [22, 46] . Additionally, mice with global depletion of ANGPTL4 displayed improved glucose tolerance during dexamethasone induced hepatic insulin resistance condition [47] . These discrepancies could have resulted from the use of mice with different genetic backgrounds with distinct diabetic phenotypes and varying levels of overexpression of ANGPTL4 in different sites. In addition, ANGPTL4 is expressed by several tissues and global modulation of ANGPTL4 results in extreme metabolic abnormalities upon HFD feeding [48] . Our study uses a unique mouse model targeting metabolically active BAT where ANGPTL4 is highly expressed, and thus might represent a better model for studying glucose homeostasis and targeted therapy. Taken together, we provide evidence that ANGPTL4 derived from brown adipocytes plays an important role in regulating systemic glucose and lipid metabolism. Furthermore, we discovered a novel function of ANGPTL4 in oxidative metabolism and BAT activation through PGC-1a-UCP1 pathway activation. In particular, mice lacking ANGPTL4 display BAT activation in response to cold stimulation and in HFD-induced obesity, as determined by FA oxidation and UCP1-mediated uncoupling. The detailed mechanism underlying how ANGPTL4 regulates PGC-1a UCP1 activation warrants further investigation.
CONCLUSION
Our study dissects the specific contribution of ANGPTL4 in BAT in regulating lipid and glucose metabolism. Using a novel tissue specific knockout mouse model, we demonstrate that ANGPTL4 expression in BAT controls TRL catabolism and circulating TAGs, facilitates FA uptake and improves cold tolerance. Finally, we also provide novel evidences suggesting that ANGPTL4 in BAT promotes FA oxidation and attenuates FA synthesis.
AUTHOR CONTRIBUTIONS
AKS, BA, YS, and CF-H conceived and designed the study and wrote the manuscript. BA, AKS, BC, NR, and LV performed experiments and analyzed data. TLH assisted with experimental design and data interpretation.
